The observation that exposure of the leaf canopy to increasing concentrations of CO2 (100-400 pill) decreases the influx of nitrate to the leaf blades, but not to the roots or stalks (largely leaf sheaths), was reconfirmed using 15N03-. Decreases in leaf nitrate supply were associated with decreases in induction of nitrate reductase, thus supporting the view that the influx of nitrate to a tissue is a major factor in regulation of the level of nitrate reductase. The whole plant 15N distribution data show that the CO2 effects were due to decreased influx of nitrate into the leaf blade rather than C02-enhanced nitrate reduction. The (22) found that the accumulation of nitrate by roots of illuminated intact corn plants was inversely related to their initial levels of malate (malate levels induced by pretreatment with K2CO3). There was no stoichiometry between NO3-accumulation and malate depletion during the uptake period. It was not established whether the malate in the roots was preventing NO3-uptake or stimulating NO3-translocation. They also showed that NO3-accumulation and induction of NRA in corn leaf blades were depressed when illuminated corn seedlings were supplied with NO3-(roots) and exposed (canopy) to increasing concentrations of CO2 in the air. The concentration of malate in the leaf blades increased with the increases in CO2 concentration (i.e. during the 3-hr treatment, malate levels increased 0.5, 2.5, and 3.1 ,tmol g-' fresh weight for the 100-, 300-, and 600-,ul/l CO2 treatments). In other experiments, a significant correlation (r = -0.75) was found between malate and NO3-concentration (sampled at midday) of leaf blades from corn seedlings grown under normal growth chamber conditions. Due to these observations, malate was implicated as the cause of the depressing effect of CO2 on NO3-accumulation in the leaf blade.
the level of nitrate reductase. The whole plant 15N distribution data show that the CO2 effects were due to decreased influx of nitrate into the leaf blade rather than C02-enhanced nitrate reduction. The decreases in nitrate accumulation by the leaf blade with increases in CO2 concentration were only partially accounted for by differences in transpiration. Because Because nitrate is both inducer and substrate for NR,3 any factor affecting uptake and transport of nitrate would alter NRA levels and the rate of supply of reduced nitrogen to the plant (16) . It In contrast, Purvis et al. (22) found that the accumulation of nitrate by roots of illuminated intact corn plants was inversely related to their initial levels of malate (malate levels induced by pretreatment with K2CO3). There was no stoichiometry between NO3-accumulation and malate depletion during the uptake period. It was not established whether the malate in the roots was preventing NO3-uptake or stimulating NO3-translocation. They also showed that NO3-accumulation and induction of NRA in corn leaf blades were depressed when illuminated corn seedlings were supplied with NO3-(roots) and exposed (canopy) to increasing concentrations of CO2 in the air. The concentration of malate in the leaf blades increased with the increases in CO2 concentration (i.e. during the 3-hr treatment, malate levels increased 0.5, 2.5, and 3.1 ,tmol g-' fresh weight for the 100-, 300-, and 600-,ul/l CO2 treatments). In other experiments, a significant correlation (r = -0.75) was found between malate and NO3-concentration (sampled at midday) of leaf blades from corn seedlings grown under normal growth chamber conditions. Due to these observations, malate was implicated as the cause of the depressing effect of CO2 on NO3-accumulation in the leaf blade.
Although Ben Zioni et al. (2) indicated that the reduction of NO3-in the shoot resulted in the production of malate, Mulder et (15) . Nitrite was assayed colorimetrically according to the procedure described by Hageman and Flesher (6) .
Malate was determined by a modification of the method of Williamson and Corkey (27). Aconitate was determined following the procedure of Lowenstein (14) using an acetic anhydride and pyridine reaction. The '5N analyses were carried out on dried aliquots according to the procedure of Johnson (10) and the isotopic ratio analyses of the gas samples were made in the Mass Spectrometer Laboratory of the Food Science Department, University of Illinois.
Nitrate Reductase, in Vitro. Activity was assayed as previously described (21) .
Nitrate Reductase, in Vivo. Activity was measured as previously described (7) . The (Fig. 1) shows that changes in NRA are an excellent index of the influx of nitrate into the leaf, under conditions suitable for induction of the enzyme.
The amount of reduced N in the leaves was decreased as the CO2 concentrations in the air increased (Table I) as would be expected, considering the lower levels of NRA and nitrate availability at the higher CO2 concentrations. This confirms that the decrease in NO3-concentration is not due to C02-enhanced NO3-assimilation. Total nitrate uptake by the plants was affected only slightly by increasing CO2 concentrations in the air (Table I ). This suggests that the primary CO2 effect is due to a faster redistribution of nitrate from the roots to the leaves at the lower CO2 concentrations. This contention is supported by the 15N distribution patterns (Table I ). The amount of 15N decreased in the leaf blades, did not change in the stalks (primarily leaf sheath), and increased in the roots.
The mechanism by which CO2 suppresses the entry of nitrate into the leaves is not known. It has been shown that the rate of nitrate movement to the leaves is affected by the rate of transpiration (24) . Since increases in atmospheric CO2 cause stomatal closure and this affects transpiration (17, 18) , it could be argued that the differences in nitrate concentrations in the leaves, as affected by C02, resulted from differences in transpiration. Under our experimental conditions, increasing CO2 concentration in the air from 100 to 400 ,ul/l caused an over-all decrease in transpiration rates of 25%, while the decrease of '5N in the leaves amounted to 50% in the same experiment (Table I) . If transpiration is the only factor affecting the movement of NO3-into the leaf blade, it seems odd that no differences in atom per cent excess '5N were detected in the stalk (stalk proper and leaf sheaths) tissue. While transpiration could account for part of the CO2 effects, it would appear that there are additional effects of CO2 on nitrate influx to the leaves.
Since the CO2 treatments consistently increased the malate concentration in leaf blades, it was suggested that malate was in some way inhibiting the influx of NO3- (22) . Because we were unable to conceive of experimental techniques using leaf tissue, we decided to re-examine the uptake of NO3-using roots that contained high levels of malate.
Effects of Endogenous Malate on Nitrate Accumulation. When roots of intact plants were pretreated with K2CO3, KHCO3, or malate to permit them to accumulate high levels of malate prior to detopping and transfer to a nitrate medium, the high levels of malate did not inhibit nitrate accumulation (Fig. 2,  A and B) . This work is consistent with the reports that high levels of malate do not inhibit the influx of other monovalent anions (4, 5) .
In roots that contained high levels of malate (>5 ,tmol g-' fresh weight), malate concentrations decreased concurrently with the accumulation of nitrate (Fig. 2, A and B) . These changes are not causally related as the CaSO4 control accumulated equal amounts of nitrate with little change in malate ( Fig.  2A) . Also, the changes are not stoichiometrically related as in most cases nitrate accumulation exceeds malate oxidation. Thus, the direct coupling of NO3-uptake to malate oxidation seems unlikely. However, an indirect participation of malate (or any other carbon source) as a respiratory metabolite cannot be disregarded.
During the course of nitrate uptake, the pH of the external media rose from 6 to 8, presumably because nitrate uptake exceeded K+ uptake. While unequal absorption of anions by roots has been related to decreases (oxidation) of organic acids to maintain pH and electrical neutrality (9, 11, 13, 26) , exchange of H+ and OH-ions provides an alternate explanation. On the other hand, the depletion of malate could be due to normal metabolism by the detopped plants upon transferral to the NO3-absorption medium. However, the data obtained with the CaSO4 control clearly establish that changes in malate concentration were not required for NO3-accumulation.
We Although the experimental approach and tissues are different, these data do not support the contention that C02-induced malate is the cause for the lack of accumulation of NO3-by the leaf blade (Table I) . We suggest that the depressing effect of CO2 treatments on NO3-accumulation by the leaf blades is due either to the effects of CO2 on transpiration or some unknown effect of CO2. Our data (Table I and ref. 22) indicate that no more than half of the effect can be attributed to transpiration.
Endogenous Levels of Malate and Nitrate in Corn Leaves. Because of the apparent relationship (2, 22) between malate and NO3-concentrations in various tissues, a re-examination was made of the endogenous levels of malate and NO3-of "normal" growth chamber grown corn seedlings. A negative correlation (Fig. 3A) was observed between malate and NO3-concentrations of the leaf blades of 25 corn genotypes (14-day-old, vermiculite-grown 25 klux). Purvis et al. (22) reported a higher correlation (r = -0.75**) with comparable tissue from seven corn genotypes. This negative correlation is not specific for malate (Fig. 3B) . Aconitate plus malate accounted for the bulk of the total extractible organic acids from the leaf tissue. These data imply that malate and aconitate, or other organic acids that can be accumulated by various plant species, are involved in the relationship and provide an explanation for the variability in the correlation. However, these data do not provide proof of a causal relationship or explain the consistently observed negative correlation.
A separate study with field-grown leaf tissue showed that malate and nitrate followed opposite day night patterns, i.e. malate concentrations increased during the day and decreased during the night, while nitrate concentrations varied conversely (20) .
We are unable to provide a fully acceptable explanation for the negative correlation consistently observed with corn seediii,gc. Assuming that the relationship is not causal, it may only reflect the genetic capacities of each genotype to accumulate (uptake and synthesis versus utilization) NO3-and organic acids. That these systems are completely independent seems unlikely because of the known interactions between unbalanced ion accumulation and organic acid metabolism and the consistently observed negative relationship in corn seedlings well supplied with NO3-. Assuming that the relationship is causal, at least two possible explanations can be suggested: (a) accumulation of large amounts of NO3-causes oxidation of organic acids to maintain pH and electrical neutrality (9, 11, 13, 26) . This would be a short term effect and exist only as long as the rate of transport of NO3-to the leaf blade was high. In the long term, the assimilation of NO3-would lead to an excess of cations that would initiate organic acid synthesis; (b) the reduction of NO3-is directly and stoichiometrically related to malate production as suggested by Ben Zioni et al. (2) . This latter concept is a valid explanation of the relationship, providing that malate oxidation does not provide NADH for NO3-reduction.
The direct relationship between NO3-reduction and malate production (2) can be questioned on the basis that additions of malate to the in vivo NR assay stimulated NO3-reduction (19) . However, Klepper et al. (12) were unable to confirm this report (19) . It seems reasonable that the oxidation of malate to oxaloacetate by the cytoplasmic malate dehydrogenase (25) could produce NADH for NO3-reduction by the cytoplasmically located NR (23) . To the degree that malate rather than 3,Pglyceraldehyde or possibly 3,P-glycerol is serving as source of NADH for NO3-reduction, the reduction of NO3-would lead to an oxidation of malate. Accordingly, experiments were conducted to determine whether malate oxidation could be coupled to NO3-reduction in vitro, or stimulate NO3-reduction in vivo.
MALATE OXIDATION AS A SOURCE OF NADH FOR NITRATE REDUCTION
In Vitro Studies. When 10 mm malate, 2 mm NAD, and 10 mM NO3-were added to crude extracts from corn leaf blades (cv. DeKalb XL81), the production of NO2-was linear over a 30-min period and dependent on NAD and malate. Similar results were obtained with leaf extracts of 11 single cross-corn hybrids. These data show that extracts from all genotypes contained NADH-malate dehydrogenase as well as NR. However, the malate dehydrogenase-NR coupled reaction gave approximately 78% (69-82%) of the activity of the standard (0.2 mM) NADH assay. The cause for this lower level of activity is not known, unless the oxaloacetate produced was inhibiting the reaction. The reaction favors the production of malate (AGO' = -7.1 kcal). Although it is true that the addition of systems capable of generation of reductant (e.g. methyl viologen and dithionite) would also promote NO3-reduction, the amounts of NADH-malate dehydrogenase present, its intracellular location, and the availability of malate provide the basis for our belief that malate oxidation is causally related to NO3-reduction in situ. In Vivo Studies. Leaf sections, from either dark-or lightpretreated plants, vacuum-infiltrated with malate, showed more than 2-fold higher levels of nitrate reduction than the minus malate controls (Fig. 4) . Leaf sections from the light-pretreated plants had higher levels of nitrate reduction than dark-pretreated plants regardless of malate treatment. Because the dark plus malate treatments gave activities comparable to the light minus malate treatment, it can be inferred that availability of energy sources as well as lower levels of NR could be, under certain conditions, a factor limiting nitrate reduction. Because the addition of succinate to the in vivo NR assay will also stimulate NO3-reduction (19) , it can be inferred that there is no direct relation between malate and NO3-reduction. However, because succinate could be converted by the mitochondria to malate, and succinate dehydrogenase does not generate NADH, we believe that malate but not succinate exerts a direct effect.
